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Abstract: In this paper, the recent developments in measurement methods of solid-state circular
dichroism (CD) spectroscopy were summarized and discussed, especially the effects of concentration on
solid-state CD spectral distortions. By reinspection and introspection of the solid-state CD spectra of four
reported compounds, concentration gradient measurements were proved to be necessary for appropriate
concentrations, which are greatly related to the chiroptical properties. The thin film solid-state CD
measurements of the inherently chiral atropisomer (S)-1,1'-bi-2-naphthol (S-BINOL) were carried out with
concentration gradient measurements. Using this film- state technique for the first time, the results show
some subtle correlations between the CD curves and the special concentrations.
Key Words: Solid-state chiroptical spectroscopy; Circular dichroism; Method of measurement;
Concentration effect; Atropisomerism; Mirror symmetry breaking
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Advantages, application and limitation
Require a small amount of sample. The concentration of the disk could be adjusted conveniently. The method is widely applied,
without limitation to the chiral resources of sample. The spectrum shows clear under appropriate concentration.a The samples
which are unstable in pressure, easily sublimate, or react with the dilute agent, such as KCl or KBr, are not suitable in this meth-
od.
Require a small amount of sample, generally applied in all chiral samples. But it is difficult to control the concentration, or make
uniform testing sample. Those samples which can be dissolved in nujol mull are inapplicable. The spectrum has good chance to
distort, which is hard to improve.
Require more sample amount than the above methods. The concentration of the film could be easily controlled. This method
could be applied in characterizing the surface film structure of the intrinsic chiral sample, but not the chiral crystals generated by
MSB. The spectrum shows clear in appropriate concentration.a
Require high quality single crystal, which must be cubicb or single-axial crystal system. Crystals of double-axial crystal system
are not suitable. There are harsh requirement for the single crystal size, preparation of the sample, and the crystal direction,
which requires specific equipement.8,17
Require more sample amount, generally applied in all chiral samples, especially the samples which are unstable in pressure, easi-
ly sublimate.17 The quality and SNR (signal to noise ratio) of DRCD spectra are usually unsatisfied. There is much room for the
improvement of its sample preparation.
表1 不同固体CD测试方法的概要比较
Table 1 Summary comparison of the different measurement methods for solid-state CD spectroscopy
aThe appropriate concentration for each sample could be selected by the concentration gradient experiment which will be discussed below.
bRecent research revealed that although the chirals crystals of NaClO3 belong to cubic crystal system, they might be optical anisotropic in the single
crystal ORD test.17
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化试剂, 使用前未经纯化. KCl在使用前于100 °C下




仪器和测试装置: 日本 JASCO公司 J-810型圆
二色光谱仪、法国BioLogic Science Instruments公司
MOS-450圆二色光谱仪、德国Elementar公司Vario
EL III型元素分析仪、Nicolet AVATAR FT-IR 360型
红外光谱仪、红外光谱仪压片机. 特制石英片[由两
片圆形石英片组成, 均为Φ 22.5 mm×1.5 mm, 其中











例(示意图 2): d-Hhfc (0.3343 g, 0.96 mmol)与 Et3N
(0.0971 g, 0.96 mmol)溶于 30 mL CHCl3中, 室温下
搅拌 10 min 后, 滴入 EuCl3 ∙ 6H2O (0.1171 g, 0.32
mmol)的水溶液 15 mL; 继续搅拌 30 min, 分离出有
机层, 用无水Na2SO4干燥, 过滤后减压除去溶剂得
黄色油状物, 往里加35 mL乙腈, 室温下缓慢挥发, 一
周后获得片状黄色晶体 0.073 g, 产率 14.0%. [NaEu
(d-hfc)4(H2O)]的计算值(%): C, 42.52; H, 3.70. 实测
值(%): C, 42.43; H, 3.74.
示意图1 一些化合物的结构
Scheme 1 Structures of some compounds
(a) inherently chiral atropisomers;10,50,51 (b) chiral atropisomers formed by MSB in crystallization;10,42,43,51,55





的条件为, 波长: 200-450 nm; 扫描速率: 500 nm∙
min-1; 狭缝宽度: 2-4 nm; 灵敏度: 标准. 除非特殊需

















压片机上压制成总质量为 50 mg 的圆片. 例如, 将
2.00 mg晶体与 98.0 mg氯化钾混合, 充分研磨均匀
(必要时可采用球磨机), 得晶体质量分数为 1/50的
混合粉末. 将该混合粉末平均分为两份, 将其中一
份放入Φ 13 mm 的压片模具中, 在 15 MPa 下压制
10 min使之成型, 即得质量分数为 1/50的半透明圆
片; 将另一份 50.0 mg 的混合粉末, 与添加的 50.0
mg氯化钾混匀研磨后, 获得质量分数为 1/100的混
合粉末, 按照上述同样的方法制得 1/100质量分数




化合物, 均以同一次采样, 制得一组 1/50-1/6400的
浓度(质量分数)梯度圆片, 以保证各个浓度梯度圆
片的手性来源一致.




量可适当减少, 例如, 可以将其设定为 40、30或 20
mg; (c) KCl比KBr易吸潮, 一组样品圆片应即制即
测, 或将其小心置于干燥器中待测.
图1 手性Cu(II)配位聚合物的晶体结构示意图
Fig.1 Crystallographic diagrams for chiral Cu(II) coordination polymers
(a) P-helical structure of the enantiomer P6122; (b) M-helical structure of the enantiomer P6522;
(c) three-dimensional structure of the enantiomer P6122
示意图2 手性稀土Eu(III)络合物的合成
Scheme 2 Synthesis of chiral rare earth Eu(III) complexes
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为例: 准确称取10.0 mg的手性BINOL, 置于1#试管
中, 加入 8.00 mL 的易挥发良溶剂(视样品性质而
定, 本实验采用乙醚); 待样品溶解后分取 4.00 mL
的 1#溶液至 2#试管; 再向 2#试管加入 4.00 mL溶剂,
混匀后再分取 4.00 mL的 2#溶液至 3#试管; 依次类
推, 共稀释-分取 14次. 分取完毕, 将每只试管中的
溶剂蒸发至干. 后续实验结果表明: 必须选择较低
的手性BINOL测试初始浓度, 才能获得良好的浓度




可能少的溶剂(约 0.2 mL)溶解后, 完全转移至平放
石英片的凹槽中(为保证完全转移, 可以少量多次进
行). 使溶液平铺均匀, 静置, 待溶剂完全挥发后, 样
品便在凹槽中形成面积为 2.01 cm2的圆形固体薄
膜, 覆盖上另一石英片, 将两者合并垂直放置在光










件为, 波长为200-500 nm, 扫描速率为300 nm∙min-1,













DRCD 谱测试有时是惟一可选的固体 CD 测试方










现了具有普遍性的“浓度效应”: 10,51 CD 谱和相应












Table 2 Concentration gradient of chiral BINOL cast on












































































































式中, CD指被检测的CD光谱信号; IL和 IR为左圆和
右圆偏振光的透射强度; AC指经过调制器调制后
的交流信号; DC代表透射光平均强度的直流信号;




率为 f 的光子与手性样品作用, 那么将有式(2). 显
然, f值越小表示测试样品的不均匀性越大.
图2 氯化钾压片法测试的四个阻转异构化合物的浓度梯度固体CD光谱 10,51
Fig.2 Concentration gradient solid-state CD spectra of four atropisomers with the KCl pellet method10,51
图3 CD光谱仪的透射光强度
图3 Intensity of transmission light of a CD spectrometer
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比其 1/5浓度曲线(虚线)的吸光度略高. 同时, 还可
以观察到CD光谱的最大吸收峰随着浓度的增加而
红移(根据UV-Vis和CD谱相对应的最大吸收峰位





















当 f=1, 且忽略其它因素的影响时, Texp(λ)=Tsam(λ),
根据式(6)可知, CDexp(λ)=CDsam(λ), 这时, 所获得的
CD 光谱是真实可靠的; 但是, 正如前面所假设的,
在不均匀样品中, f<1, 而 Texp(λ)>Tsam(λ), 则 CDexp(λ)<









片(总质量 100 mg)的质量分数在 0-5%时, CD信号
与浓度之间存在良好的线性关系, 继续提高浓度则








Fig.4 Modeling UV-Vis (A) and CD (B) spectra of
homogeneous (---) and inhomogeneous (—) samples10,16
It is assumed that the concentration of inhomogeneous































所改善(见图 5B). 一般而言, 杂散光的影响将导致


























随着浓度从 1/50 降低到 1/6400, 在 380 nm 处的正











别为1/800 (288 nm)、1/400 (299 nm)、1/800 (250 nm)




CD 光谱的“较佳浓度”(波长)分别为: 1/1600 (288
图5 浓度对手性Bpybc∙5H2O单晶固体CD谱的影响
Fig.5 Effect of concentration on the solid-state
CD spectra of chiral single crystal of Bpybc∙5H2O
concentrations of KCl pellets: (A) 1/88, (B) 1/176
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以观察到在较高的 MUA 浓度梯度下 (0.3109-
0.0388 mg∙cm-2), 也存在与压片法类似的吸收扁平、
波长位移现象. 但与图 2所示 S-BINOL固体CD谱




仔细观察图 1 (S-BINOL)、图 6 和图 7, 可以发
现, 除了图 6显示的双“极值”外, 两种固体CD谱有
三处微妙不同: (1) 如图7A所示, 压片和成膜法所得
CD谱的峰形不同, 尤其体现在 204 nm和 275-300




均分别位于 204(负, θ值小)、222(负, θ值中)和 237
(正, θ值大)处, 即, 在该膜浓度下的固体膜CD谱与


















响, 具有一定规律性. 而成膜法制样则是从固相 I→
液相→固相 (膜)II 的转变, 该过程可能受溶剂种

























































配位 Cu(II)聚合物 P/M- [Cu(succ) (4,4ʹ- bpy)]∙
图7 S-BINOL的成膜法与压片法固体CD光谱(A)
叠加以及S-BINOL的溶液CD光谱(B)
Fig.7 Overlaid CD spectra of S-BINOL collected
on the film-state and the KCl-disk (A) as well as
its solution CD (B)
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配位聚合物的 P 和 M 超分子螺旋手性. 在其固体
CD光谱中体现为UV区联吡啶的π-π跃迁与Vis区












选择 Cu(II) 配位聚合物的单晶(质量约 1 mg),
在MOS-450光谱仪上采用KCl压片法对其进行固
体CD测试. 实验中发现, 由于该化合物的UV吸收
很强, 当圆片总质量为30 mg时, UV-CD的HT值往
往落在 400-1000 V, 故联吡啶的π-π跃迁常湮灭在
噪音中; 当圆片总质量为 20 mg时, 与UV-CD谱相
对应的HT值可低于 400 V, 至此, 终于发现了与原
先的固体CD谱迥异的Cotton效应! 如图10(结合图
8b)所示, 可以观察到浓度效应对固体UV-CD谱的
影响: 在1/10 (30 mg)的高浓度下, 200-300 nm波段
的CD曲线呈现“扁平”(图 8b); 设置略低的浓度(1/
25, 20 mg), 出现了预期的联吡啶π-π跃迁, 但是在
该浓度下 200-240 nm波段的HT值接近 400 V, 反
映在CD曲线上的信噪比仍较差; 在更低的浓度(1/







Fig.8 Solid-stated CD spectra of four pairs of chiral compounds as KCl pellets
(a) R/S-pn-DHA-Ni;15,56 (b) a pair of chiral crystals of Cu(II) polymeric complexes formed by MSB;29 (c) a pair of chiral crystals
of Bpybc formed by MSB in crystallization;38 (d) a pair of chiral Eu(III) complexes.58 Concentrations of KCl pellets (total weight
of the pellet): (a) 1/50(50 mg); (b) 1/10(30 mg); (c) 1/450(45 mg); (d) 1/400 (50 mg)
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实验. 在平行实验中, 保持测试参数不变, 压制图11
所示浓度的系列KCl圆片(总质量20 mg)进行测试,
发现: 在 1/25浓度下, UV区噪音很大, 观测不到明
显的Cotton效应; 1/50浓度以下, UV-CD信号重现,
但吸收峰随浓度变化的规律与第一次实验情况有






CD值是可信的. 类似地, 将可见区716 nm处的吸收
峰强度对浓度作图(以圆形点线图表示), 可发现其
CD吸收峰强度随浓度下降单调递减. 当浓度等于
或低于 1/50 时, 两次平行测试的递减趋势比较一
致. 基于上述实验, 对于该 Cu(II)配位聚合物, 我
们建议其固体 CD 测试应分段进行, UV 和 Vis 区















Fig.9 Reinspection of solid-stated CD spectra of the chiral
Ni(II) Schiff base complex S-pn-DHA-Ni (KCl pellets)
图10 M-[Cu(succ)(4,4ʹ-bpy)]∙4H2O的
单颗晶体的固体CD光谱(20 mg KCl圆片)
Fig.10 Solid-stated CD spectra of a single crystal of
M-[Cu(succ)(4,4ʹ-bpy)]∙4H2O (dispersed in 20 mg KCl)
图11 二次平行实验中M-[Cu(succ)(4,4ʹ-bpy)]∙4H2O的固
体CD信号强度随浓度的变化(20 mg KCl圆片)
Fig.11 Concentration effect of solid-stated CD spectra
of M-[Cu(succ)(4,4ʹ-bpy)]∙4H2O in twice parallel
experiments (dispersed in 20 mg KCl)
2493








































的配位多面体构型, 并推测道:“This CD may result
from the achiral configuration with mirror planes con-
sisting of two mutually orthogonal trapezoids in the




针对 Kaizaki 等的测试, 本文对Δ/Λ-[NaEu(d/l-
hfc)4(H2O)]重新进行了DRCD谱表征(图13), 发现其










Fig.12 Solid-stated CD spectra of a single crystal of
Bpybc∙5H2O (dispersed in 50 mg KCl)
图13 Δ-[NaEu(d-hfc)4(H2O)]和Λ-[NaEu(l-hfc)4(H2O)]
的DRCD光谱(KCl为稀释剂压片)
Fig.13 DRCD spectra of Δ-[NaEu(d-hfc)4(H2O)] and











































最为可靠和测试效果较佳的方法; (4) 对 S-BINOL










比较研究说明, 两种测试所得固体 ECD 谱基本一
致, 可作为集成的固体ECD测试方法相互佐证, 在
灵敏度、信噪比等方面, DRCD 法略逊一筹, 但是
DRCD法既可用于纯样(或掺杂基质粉末)测试也可







现? (3) 能否根据理论计算, 预测“浓度效应”对固体
ECD信号的影响, 或通过合理的数据处理还原失真
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